ABSTRACT
M
ore patients with atrial fibrillation are asking their physicians about catheterbased radiofrequency ablation as a treatment option.
Indeed, in the mere 10 years or so since this procedure was introduced, it has shown promising clinical results. Still, it is not yet available at many medical centers, and it is not yet considered the first-line treatment for atrial fibrillation. 1 Moreover, some patients may have unrealistic expectations about it, such as being able to stop taking anticoagulant drugs afterward. It is therefore important for health care professionals not only to recognize which patients may benefit from catheter-based treatment, but also to educate them about it so they have reasonable expectations.
See related editorial on page 503 and patient information at http://my.clevelandclinic.org/heart/ services/tests/procedures/ablation.aspx
In this article, we briefly review the mechanisms of catheter ablation of atrial fibrillation and discuss its current indications, with an emphasis on how to determine which patients with atrial fibrillation are candidates for this new procedure.
NUMBERS ARE RISING, ANd dRUG ■ THERAPY HAS LIMITATIoNS
Atrial fibrillation is a disease of the elderly: about 70% of patients are between the ages of 65 and 85. 2 As the elderly segment of the US population increases, the number of people with atrial fibrillation is expected to more than double by the year 2050. 3 This growing prevalence and the increas-REVIEW a Dr. Lewis has disclosed that he has received consulting fees and honoraria from the Medtronic company for teaching and speaking. b Dr. Schweikert has disclosed that he has received honoraria from the Boston Scientific, Glaxo SmithKline, Biosense Webster, Medtronic, and St. Jude Medical companies for teaching and speaking. c Dr. Cummings has disclosed that she has received honoraria from Boston Scientific for speaking and from Corazon Consulting for consulting. 7 found that attempting to restore and maintain sinus rhythm with antiarrhythmic drugs imparts no significant benefit in terms of survival compared with a strategy of controlling the heart rate only. However, recent studies, including an analysis by the AFFIRM investigators, 8 suggest that if sinus rhythm could be achieved without the adverse effects of antiarrythmic drugs, then rhythm control may have a survival benefit over rate control. These studies, combined with improving techniques and tools for catheter ablation of atrial fibrillation, have made ablative treatment an attractive option and an emerging trend.
HoW ATRIAL FIBRILLATIoN STARTS ■ ANd HoW IT IS MAINTAINEd
Atrial fibrillation is a supraventricular arrhythmia characterized by chaotic and uncoordinated contraction of the atrium. 1 Multiple models have been proposed for its mechanism. The current view is the "dual-substrate model," ie, that atrial fibrillation often arises from a focal source, usually in one of the pulmonary veins, and that it is maintained by abnormalities in the atria (FIGURE 1) .
Several studies [9] [10] [11] showed that left atrial myocardial cells extend into the pulmonary veins. These "myocardial sleeves," which vary in extent between individuals, have short refractory periods and can cause conduction delays, which may create the conditions needed for arrhythmias. 12, 13 In landmark studies in the 1990s, Haïssa-guerre et al 14 and Jais et al 15 showed that most focal triggers are in the myocardial sleeves at the junction of the pulmonary vein and the left atrium. These investigators went on to show that catheter-based ablation of these ectopic foci could eliminate atrial fibrillation in some patients.
Ectopic foci in the pulmonary veins fire rapidly and chaotically, generating impulses that enter the left atrium and begin to generate wavelets of reentry. These wavelets may be perpetuated if the conduction velocity is slow, the refractory period is short, and atrial mass is high. 1, 16, 17 Some experts thought that by surgically interrupting the path of these wavelets and reducing the atrial mass, one could terminate atrial fibrillation. This model is the basis of the surgical maze procedure developed by Cox et al in the 1990s, 18 which planted the seed for catheter ablation of atrial fibrillation.
dEFINITIoNS oF ATRIAL FIBRILLATIoN ■
A 2007 consensus document 1 prepared jointly by several heart societies emphasizes the need to classify the types of atrial fibrillation consistently, as recommendations for different treatments are based primarily on the type of atrial fibrillation. Although some patients may have atrial fibrillation that falls into more than one of these categories, it should be categorized by its most frequent pattern. These definitions apply only to episodes that last at least 30 seconds and have no identifiable reversible cause, such as acute pulmonary disease or hyperthyroidism.
Paroxysmal atrial fibrillation is defined as at least two episodes that terminate spontaneously within 7 days.
Persistent atrial fibrillation is defined as lasting more than 7 days, or lasting less than 7 days but necessitating pharmacologic or electrical cardioversion.
Permanent atrial fibrillation is defined as lasting more than 1 year.
THE TECHNIQUE ■
Catheter ablation is usually done as an outpatient procedure. As the procedure can take 3 to 5 hours, most patients receive conscious sedation or general anesthesia. A catheter is inserted into a femoral vein and advanced into the right atrium. Then, the atrial septum is punctured to gain access to the left atrium, and a radiofrequency ablation catheter and a mapping catheter are inserted (FIGURE 1).
What to ablate?
Various approaches are being used in catheterbased ablation of atrial fibrillation. Atrial fibrillation. According to the dualsubstrate model, atrial fibrillation starts with ectopic foci, most of which are located in the pulmonary veins, and is maintained by reentry rotors or wavelets within the atria.
Atrial ablation uses radiofrequency energy, delivered by intracardiac catheter, to create lesions that electrically isolate the focal triggers of atrial fibrillation and reduce the substrate that maintains it.
Ectopic foci in the pulmonary veins are isolated by creating rings of lesions around the ostia of the pulmonary veins. Linear lesions (not shown) interrupt the wavelets that maintain atrial fibrillation; these are especially important if the atrial fibrillation is persistent or permanent. An individualized approach uses intracardiac electrocardiology and electrophysiologic mapping to target the actual culprits and attain the best results. Since most of the triggers of atrial fibrillation are located within the pulmonary veins, one can use an empiric anatomic approach, creating a ring of ablation lesions around the outside of the ostium of each of the four pulmonary veins (but not within the vein itself), or a single ring around the ostia of the two left pulmonary veins and another around the two right pulmonary veins. The aim is to electrically isolate these veins.
Refinements to this procedure involve making additional lines of lesions in the atrium, similar to those in the Cox maze procedure; a line across the roof of the left atrium connecting the ring of lesions around the left and right superior pulmonary veins; a line across the mitral isthmus (between the mitral valve and the left inferior pulmonary vein); and a line connecting either the roof line or the left or right circumferential lesion to the mitral annulus anteriorly. The aim of these additional lesions is to interrupt the re-entrant circuits that keep atrial fibrillation going, and they may make the procedure more effective in cases of persistent or permanent atrial fibrillation than it would be without these lesions.
An electrophysiologic approach involves using intracardiac electrocardiography to locate specific drivers of fibrillation and areas of complex fractionated atrial electrograms, which can be ablated. This is a more tailored approach, and it may be more effective. In addition, one can ablate, then attempt to induce fibrillation electrically or with drugs, and then, if fibrillation ensues, do more ablation.
Fluoroscopy vs intracardiac echocardiography
Fluoroscopy, intracardiac echocardiography, three-dimensional mapping, and pulmonary venography have all been used to guide left atrial pulmonary vein ablation.
Until recently, electrophysiologists used fluoroscopy, but now most use intracardiac echocardiography and other imaging techniques. Intracardiac echocardiography provides information that fluoroscopy cannot. It can show, from moment to moment, the anatomic structures, the position of the catheter, and if there are thrombi in the left atrium. It can also help optimize the use of radiofrequency energy by monitoring for microbubbles, which represent tissue overheating. Three-dimensional mapping and navigation techniques help define the anatomy and help guide the catheter, especially with previously acquired computed tomography (CT) or magnetic resonance imaging (MRI). [30] [31] [32] Likewise, pulmonary venography can also show the shape and size of the pulmonary ostia. This modality can guide catheter manipulation and assessment for pulmonary venous stenosis resulting from prior ablation. 
INdICATIoNS FoR CATHETER ABLATIoN ■
The expert consensus committee 1 agrees that catheter ablation should generally not be the first-line therapy for atrial fibrillation. The primary indication for it is symptomatic atrial fibrillation that is refractory to at least one class 1 or class 3 antiarrhythmic drug (TABLE 1) or the inability of a patient to tolerate these drugs. Another indication is in patients in whom rapid atrial fibrillation is determined to be the cause of tachycardia-mediated cardiomyopathy resulting in heart failure, reduced ejection fraction, or both. Studies have been performed in which catheter ablation was used as firstline therapy. The committee recognized this but did not fully support the practice.
An absolute contraindication to catheter
An absolute contraindication to catheter ablation is left atrial thrombus 
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ablation is left atrial thrombus. Because of the risk of dislodging an existing thrombus during the procedure and causing a stroke, the committee recommends that patients with persistent atrial fibrillation who are in atrial fibrillation at the time of the procedure undergo transesophageal echocardiography to screen for thrombus.
An individualized decision
The decision to proceed with catheter ablation must be individualized on the basis of the risk of complications, the likely benefits, and the likelihood of success.
1
Factors that increase the risk of iatrogenic complications such as myocardial perforation and thromboembolism include older age and comorbid conditions.
Factors that increase the chance of significant benefit include more severe symptoms and heart failure. Hsu et al 33 found that the ejection fraction increased by 21 plus or minus 13 percentage points in heart failure patients who underwent the procedure.
Success rates for catheter-based ablation are lower in patients with persistent atrial fibrillation than in those with paroxysmal atrial fibrillation. Oral and colleagues 34 reported that the recurrence rate in patients with persistent atrial fibrillation was 75%, compared with 29% in patients with paroxysmal atrial fibrillation. In addition, the chances of a successful outcome are lower in those with marked dilation of the left atrium.
Lifelong anticoagulation is still needed
When weighing the pros and cons of catheter-based procedures, health care providers need to also emphasize to patients that the procedure does not allow them to forgo anticoagulation. Even after ablation, patients with atrial fibrillation still face a formidable risk of thromboembolic events, and most electrophysiologists suggest lifelong anticoagulation, especially in patients with other risk factors for stroke. We discuss the guidelines for anticoagulation later in this review.
EFFECTIVENESS ■
Crandall et al, 35 in an excellent review of the literature, estimated that ablation treatment is successful in approximately 60% to 70% of patients, that 10% to 40% of patients require a second ablation procedure, and that 10% to 15% still need antiarrhythmic drugs.
The specifics of each procedure are beyond the scope of this review, but outcomes have been shown to be better with individualized ablation therapy than with an anatomic approach. Oral et al 28 showed that this tailored approach could provide success rates up to 77%; the repeat-procedure rate was 18%, and the risk of complications was low. The tailored approach allows operators to target triggers in locations other than in the pulmonary veins, including those in the thoracic veins and superior vena cava, during mapping. In addition, this approach is often needed in persistent atrial fibrillation, where left atrial substrate is likely to play a larger role than in paroxysmal atrial fibrillation and can be specifically targeted using this method.
When using pulmonary vein isolation by itself, studies have shown better outcomes in treating paroxysmal atrial fibrillation than persistent atrial fibrillation. 34 These outcomes have been shown to improve with an individualized approach to ablation therapy.
Haïssaguerre et al 36 used various tailored ablation techniques to terminate persistent atrial fibrillation and were able to terminate the rhythm in 87% of their patients. Eleven months after the procedure, 95% of the patients in whom it succeeded remained free of arrhythmia.
Randomized controlled trials now confirm that left atrial ablation is superior to antiarrhythmic drug therapy in maintaining sinus rhythm over time. 19, 37, 38 CoMPLICATIoNS ■ It is important that patients understand the risks associated with the procedure. Advancing technology in imaging and catheters and our growing understanding of atrial fibrillation are not only able to optimize ablation outcomes, but also to minimize complications.
Complications of catheter-based treatment of atrial fibrillation described by the expert consensus committee 1 
Cardiac tamponade
Cardiac tamponade due to accidental puncture or excessive heat accumulation, steam expansion, and perforation of the atrial wall occurs in about 6% of patients, 20 but this number varies. Limiting the power delivered to tissue to less than 25 or 35 W may reduce the incidence of this complication. 1 The expertise of the physician and the type of imaging used (eg, transesophageal or intracardiac echocardiography) are also factors.
Pulmonary vein stenosis
Pulmonary vein stenosis was seen after the first pulmonary vein isolation techniques were tried, when ablation within the pulmonary vein caused high rates of this complication. 1 Improved knowledge of anatomy and better visualization using intracardiac echocardiography have led to a significantly lower rate of pulmonary vein stenosis. 20 The current rate is 0.5% to 2%. 12, 20 Nevertheless, it is important for referring physicians to recognize the symptoms of pulmonary vein stenosis, as they will likely be the first providers to see a patient with these symptoms, which can be mistaken for pneumonia or congestive heart failure. The symptoms include cough, dyspnea, pneumonia, and hemoptysis that may occur early or late (weeks) after ablation.
CT, MRI, and ventilation-perfusion scanning can be used to diagnose pulmonary vein stenosis. Its treatment includes stenting the narrowed vein.
Esophageal injury
Esophageal injury, specifically formation of an atrioesophageal fistula, is a life-threatening complication of this treatment. 1 The esophagus passes very close to the left atrial posterior wall and is therefore at risk of thermal injury during ablation. Health care professionals should be alert to the symptoms of this complication, which include dysphagia, odynophagia, hematemesis, signs of intermittent cardiac or neurologic ischemia, persistent fever, bacteremia, fungemia, leukocytosis, and melena. 12 These symptoms may arise weeks after the procedure.
Any patient who has recently undergone catheter ablation and who presents with some of these symptoms needs a prompt workup with MRI or CT. Endoscopy is contraindicated because it can introduce air into the esophagus, which may result in air embolism to the brain. Atrioesophageal fistula is generally fatal, but emergency surgery may be an option.
Thromboembolism
Thromboembolic events are another worrisome complication. The reported incidence rate ranges between 0% and 7%. 1 Appropriate anticoagulation protocols can minimize the risk. Patients should take warfarin (Coumadin) for at least 3 weeks before undergoing ablation if they have paroxysmal atrial fibrillation and a CHADS 2 score of 1 or higher (1 point each for having congestive heart failure, hypertension, age > 75 years, or diabetes; 2 points for having a prior stroke or transient ischemic attack), or if they have persistent atrial fibrillation regardless of the CHADS 2 score. The target international normalized ratio (INR) is in the therapeutic range, ie, 2 to 3. Patients who have paroxysmal atrial fibrillation and a CHADS 2 score of 0 may be treated with aspirin or warfarin before the procedure. Patients who have been taking warfarin should be "bridged" with subcutaneous low-molecular-weight heparin or intravenous unfractionated heparin before ablation, eg, by stopping the warfarin several days before the procedure and substituting enoxaparin (Lovenox) 0.5 to 1 mg/kg twice daily until the evening before the procedure.
To screen for thrombi in the left atrium, transesophageal echocardiography should be performed before the procedure in patients who have not been receiving warfarin, or whose INRs have not consistently been in the therapeutic range of 2 to 3, or who have persistent atrial fibrillation and are in atrial fibrillation at the time of the procedure.
During the procedure, anticoagulation is maintained with a heparin infusion. After the procedure, warfarin is restarted along with a low-molecular-weight heparin or unfractionated heparin. The heparin is stopped when the INR is in the therapeutic range, but warfarin should be continued for at least 3 months. Selected patients with a CHADS 2 score of 1 may be switched to aspirin therapy after several months, and those with a score of 0 may be switched to aspirin or no therapy. 12 We still lack data from large-scale trials about long-term thromboembolic complications of ablation therapy. Most electrophysiologists prefer to continue anticoagulation indefinitely and would consider terminating it only with great caution.
Arrhythmias
After ablation, new atrial arrhythmias such as atrial flutter are common, with a wide range of reported incidence rates. 39 Most cases respond poorly to antiarrythmic drugs, but temporizing measures are recommended, since about half will resolve spontaneously. For this reason, experts generally recommend waiting 2 to 3 months after an ablation procedure before performing a repeat ablative procedure. 1, 12 Close monitoring is recommended during the months following catheter ablation.
CoST ANd QUALITY oF LIFE ■
The cost of catheter ablation needs to be taken into account when considering the procedure for an individual patient.
Catheter ablation is expensive, but so is ongoing medical treatment. In the United States, catheter ablation costs between $17,000 and $21,000 initially, with an ongoing cost of $1,500 to $2,000 per year. 3 In comparison, medical therapy costs $4,000 to $5,000 per year. Therefore, catheter ablation would take 4 to 8 years to pay for itself. 2 Quality of life also remains a key factor in determining whether to pursue this treatment option. Initial studies showed a trend toward better quality of life with catheter ablation than with medical therapy. In a nonrandomized study published in 2003, Pappone et al 40 assessed quality of life in 109 patients who underwent ablation and in 102 medically treated patients, using the 36-item Short-Form General Health Survey. At baseline, both groups similarly rated their quality of life significantly lower than people of the same age and sex in the general population (P < .001). By 6 months, quality-of-life scores in the ablation group had risen to the same level as in the general population, while they stayed the same in the medically treated group. However, data are still limited, and, like the cost of the procedure, estimated quality of life needs to be weighed for the individual patient.
FUTURE dEVELoPMENTS ■
There are exciting developments in imaging and catheter systems for ablation of atrial fibrillation. It is hoped that these new technologies will improve success rates and reduce complication rates.
In imaging, digital fusion of CT and MRI with electroanatomic mapping shows the anatomy of the junction of the left atrium and pulmonary vein in real time. (Currently, CT and MRI have to be done prior to ablative techniques.)
New ablation systems are being developed that use extreme cold, lasers, and ultrasound. An advantage of these new ablation systems is that they have balloon-tipped catheters, which are placed near the pulmonary vein ostium to deliver full circumferential ablation. 41, 42 
■
Patients at risk of thrombosis should take warfarin for at least 3 weeks before catheter ablation
